Abstract. Interleukin (IL)-17 has been implicated in a variety of inflammatory lung diseases. However, little is known about the expression and biological role of IL-17 in acute lung injury (ALI). Therefore, the aim of the present study was to confirm whether the increase in IL-17 expression following ALI enhances expression of inflammatory cytokines/chemokines through activation of the extracellular signal-regulated kinase (ERK)1/2 and nuclear factor (NF)-κB signaling pathway in lipopolysaccharide (LPS)-induced acute lung injury; which, in turn, can be blocked by an IL-17 antagonist. The authors indicated that levels of IL-17 mRNA and protein were elevated in the bronchoalveolar lavage fluid (BALF) and lung tissues of ALI rats, and upregulation of IL-17 resulted in the enhanced severity of lung injury. Moreover, treatment with an IL-17 neutralizing antibody significantly inhibited the increases of parameters of ALI in rats, as evidenced by decreased histologic scores, BALF exudate volume, protein leakage and wet-to-dry weight ratio. In addition, management of IL-17 may markedly mitigate LPS-induced pulmonary inflammation, as reflected by the reduced levels of a multitude of proinflammatory cytokines in BALF. Of note, blockade of IL-17 effectively inhibited LPS-induced expression and activation of p-ERK1/2 and nuclear factor (NF)-κB p65 in lung tissues, and suppressed nuclear translocation of NF-κB p65.
Introduction
Acute lung injury (ALI), a clinical complication associated with respiratory dysfunctions usually a consequence of sepsis and a systemic inflammatory response (1, 2) . The most severe form of ALI can lead to acute respiratory distress syndrome, respiratory failure, increasing susceptibility to multi-organ dysfunction, and ultimately death with high rates of morbidity and mortality (3) . The physiological hallmarks of ALI are a disruption of the alveolar-capillary membrane barrier resulting in non-cardiogenic pulmonary edema, neutrophil and macrophage accumulation, endothelial and epithelial injury, and severe inflammatory response in the lungs and neutrophilic alveolitis (4, 5) . Despite considerable research, the underlying molecular mechanisms involved in the pathogenesis of acute lung injury and appropriate treatment approaches are still unknown. However, an effective treatment of this life-threatening disease requires a better understanding of the molecular and cellular pathophysiology of ALI.
Lipopolysaccharides (LPS), a pathogenic component of endotoxin released from the cell wall of Gram-negative bacteria, are widely used to induce animal model of ALI (6, 7) . LPS may induce neutrophil infiltration and the accumulation of pro-inflammatory cytokines, in order to amplify acute lung inflammation (5) . A recent study indicated that the binding of LPS to Toll-like receptor 4 caused IκB-α phosphorylation and degradation, activated nuclear factor (NF)-κB, and subsequently led to the uncontrolled and excessive production of pro-inflammatory mediators, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6 (8, 9) . In addition, mitochondrial dysfunction and cell apoptosis participated in the pathological process of LPS-induced ALI, and inhibition of apoptosis decreased lung damage (10) . More recently, upregulation expression of IL-17, including IL-17A and IL-17F, were observed in the lung tissues, BALF and serum of ALI rats (11) . It is generally believed that IL-17 as a pro-inflammatory cytokine serve a crucial role in triggering inflammatory responses.
Interleukin-17 antagonist attenuates lung inflammation through inhibition of the ERK1/2 and NF-κB pathway in LPS-induced acute lung injury
The IL-17 family including six members, designated IL-17A-F, is a pleiotropic pro-inflammatory cytokine (12, 13) . Growing evidences suggested that IL-17 serve an essential role in a multitude of autoimmune diseases, inflammation and cancer (14) (15) (16) . Recent evidence indicated that IL-17 may promote epithelial cells to secrete IL-6, GCSF and GM-CSF, which, in turn, recruits neutrophils to the airways (17) . Notably, it is reported that TNF-α, IL-1β, IL-6 and IL-8 are the downstream target genes of IL-17 (18) . However, the potential role and underlying mechanism of IL-17 in development of LPS-induced ALI and pulmonary inflammation are currently unknown. Therefore, the purpose of the present study was to investigate the expression of IL-17 and possible molecular mechanisms involved in inflammatory response in an ALI rat model by LPS intratracheal instillation.
Materials and methods

Animals.
Male Sprague-Dawley rats, 8-weeks-old and (weight, 200-220 g), were obtained from Vital River Laboratories Co., Ltd. (Beijing, China). All animals used for experiments were allowed free access to food and water, and housed under specific pathogen-free conditions with a 12 h light/dark cycle in a controlled temperature (20-25˚C) and humidity (50±5%) environment. All experimental protocols were approved by the Laboratory Animal Committee of Hebei Medical University, (Shijiazhuang, China). The rats were sacrificed under anesthesia with chloral hydrate (350 mg/kg i.p.), followed by cervical dislocation. All efforts were made to minimize suffering.
Experimental protocol and LPS-induced ALI model.
A total of 90 rats were randomly divided into three groups (n=12/group): (1) Control group: Received saline by intratracheal instillation (5 ml/kg) under anesthesia using inhaled isoflurane (Boston Biochem, Inc., Cambridge, MA, USA); (2) ALI group: ALI was induced by intratracheal instillation of LPS to induce acute lung injury model in vivo, as previously described (5, 19) . In brief, rats were anaesthetized and injected intravenously with LPS (5 mg/kg, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). (3) IL-17 mAb group: Rats were injected intraperitoneally with IL-17 monoclonal antibody (100 µg/ml, IL-17 mAb, Clone # 50101; R&D Systems, Inc., Minneapolis, MN, USA). Rats in all groups were sacrificed respectively at 3, 6 and 24 h following injection, 10 rats per group per time point.
Lung wet/dry (W/D) weight ratio. At 6 h following LPS or saline challenge, the lung W/D weight ratio was calculated to evaluate the extent of acute pulmonary edema, Five rats per group were anesthetized, harvested and cleaned from blood, weighed to obtain the wet weight, and then placed in an oven for 48 h at 80°C for the measurement of the dry weight. The ratio of the wet weight to dry weight was then calculated (20) .
Histopathological evaluation. Morphological changes in the lungs were examined by hematoxylin and eosin (H&E) staining. At 6 h and 24 h following the instillation of LPS, rats were euthanized for histological assessment. The right upper lobes were collected, fixed in 10% formalin for 48 h and embedded in paraffin. Sections of fixed embedded tissues (5 µm thick) were cut on a Leica model 2165 rotary microtome (Leica Microsystems GmbH, Wetzlar, Germany), placed on glass slides, deparaffinized and sequentially stained with H&E (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for examination under an optical microscope (BX51; Olympus Corporation, Tokyo, Japan). The extents of histological injury were evaluated by two blinded experienced investigators. The degree of lung injury was graded using a scoring system based on histological features, including edema, congestion and hyperemia, tissue infiltration and neutrophil margination, and the presence of intra-alveolar hemorrhage, debris and cellular hyperplasia. Each feature was graded as either absent=0, mild =1, moderate=2, or severe=3. The total score was calculated for histopathological evaluation of each rat.
Bronchoalveolar lavage fluid (BALF) collection. BALF was collected by intratracheal intubation as previously described (5) . Briefly, after mice were anesthetized, the trachea was exposed and cannulated with a sterile catheter. BAL was performed with a 5 ml 0.9% saline solution. The lavage was repeated twice with saline to recover a total volume of 4-5 ml. Lavage samples were centrifuged at 1,000 x g at 4˚C for 10 min. All samples were stored at -80˚C to measure chemokine levels by using ELISA kits.
ELISA. The concentrations of TNF-α, IL-6, IL-1β and IL-17 in BALF were detected using cytokine specific Quantikine ELISA kits (TNF-α, SEA133Ra; IL-6, SEA079Ra; IL-1β, SEA073Ra; IL-17, SEA063Ra; Wuhan USCN Business Co., Ltd., Wuhan, China) according to the manufacturer's instructions. The absorbance was read at 490 nm on an ELISA plate scanner (Molecular Devices, LLC, Sunnyvale, CA, USA). All experiments are performed at least in triplicate samples and results are presented as the mean value. A standard curve using recombinant cytokine was generated for each assay.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from rat lung tissues with Tripure Isolation reagent (Thermo Fisher Scientific, Inc.). The qPCR kits (Takara Biotechnology Co., Ltd., Dalian, China) were used for the qPCR experiment. cDNA was synthesized from total RNA using a SuperScript Reverse Transcriptase kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. The primers of PCR were as follows: Rat IL-17 forward, 5'-ATC CCT CAA AGT TCA GTG TGT CC-3' and reverse, 5'-GGA CAA TAG AGG AAA CGC AGG T-3'; GAPDH forward, 5'-CAA AGT TGT CAT GGA TGA CC-3' and reverse, 5'-CCA TGG AGA AGG CTG GGG-3'. RT-qPCR was performed on a Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.; ABI Prism 7300) instrument with SYBR Premix Ex Taq (Takara Bio, Inc., Otsu, Japan), starting with 1 ng reverse-transcribed total RNA. PCR was performed under the following conditions: 95˚C for 10 min, 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. GAPDH was used as an internal control. The relative mRNA expression levels were calculated by the 2 -ΔΔCq method (21) .
Western blot analysis. Lung tissues were lysed in total protein cell lysis buffer (Thermo Fisher Scientific, Inc.) supplemented with 5% Proteinase Inhibitor cocktail (Sigma-Aldrich; Merck KGaA), incubated on ice for 30 min, and centrifuged at 15,000 x g for 15 min. Protein concentrations were determined with the bicinchoninic acid protein assay reagents (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Total protein (50 µg) was loaded in each lane, separated using 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes using a wet transfer method at room temperature. Nonspecific binding sites were blocked with 5% BSA for 1 h, then incubated with rabbit anti-rat IL-17 (1:1,000; SC-52567), nuclear factor (NF)-κB (1:1,000; SC-514451), p-extracellular signal-regulated kinase (ERK) 1/2 
Results
Expression of IL-17 in the lung tissues of ALI rats induced by LPS.
In order to confirm that the expression of IL-17 is involved in pathophysiologic process of ALI, the authors detected the mRNA and protein levels of IL-17 in the BALF and lung tissues of a LPS-induced ALI rat model at 3, 6 and 24 h following LPS challenge. As presented in Fig. 1 , the protein levels of IL-17 in the BALF and lung tissues were markedly elevated at 3, 6 and 24 h following LPS injection. Similarly, the mRNA expression of IL-17 in the lung tissues of LPS-treated rats was enhanced. The mRNA and protein levels of L-17 peaked at 6 h, and prolonged the lag time of 24 h. These results indicated that the expression of IL-17 may be closely correlated with development of LPS-induced lung injury.
Blockade of IL-17 alleviated the severity of lung lesion. To determine the roles of IL-17 in LPS-induced lung injury, the authors examined the effects of IL-17 mAb on lung injury. The lung histopathology changes at 6 h and 24 h post-ALI are presented in Fig. 2 . To observe characteristics of LPS-induced lung injury in rats, LPS treated rats exhibited severe lung injury characterized by inflammation, cell infiltration, interstitial edema, alveolar structural damages and alveolar wall thickening, which was markedly improved by IL-17 mAb treatment, while those phenomena could not be observed in the saline group. A scoring system was used to grade the degree of lung injury, and rats exposed to LPS presented a remarkable increase in lung histologic scores, but the histological scores of IL-17 mAb treated rats were lower than those of ALI group at 6 h ( Fig. 2B ) and 24 h (Fig. 2C) .
Blockade of IL-17 attenuated the severity of pulmonary edema. Several well-known hallmarks of ALI-induced pulmonary edema, such as BALF exudate volume (Fig. 3A) , protein leakage in BALF (Fig. 3B) , and lung W/D weight ratio (Fig. 3C) were remarkably increased in LPS challenge rats compared with those in the control group. Importantly, inhibition of IL-17 using IL-17 mAb, significantly alleviated LPS-induced BALF exudate volume, protein leakage and lung W/D weight ratio. These results demonstrated that IL-17 mAb treatment may improve pulmonary edema in LPS-challenged rats.
Blockade of IL-17 ameliorated LPS-induced pulmonary inflammation.
To confirm the effects of IL-17 mAb treatment on LPS-stimulated expression and release of proinflammatory cytokines and chemokines, the authors measured the levels of IL-17, TNF-α, IL-1β and IL-6 in the BALF of rat by ELISA. As demonstrated in Fig. 4 , proinflammatory cytokines including TNF-α, IL-1β and IL-6 were all significantly elevated in BALF in response to LPS treatment. Consistent with this, levels of these proinflammatory factors were dramatically decreased compared with LPS-treated group. These results suggested that IL-17 mAb administration significantly prevented the upregulation of proinflammatory cytokines and chemokines in BALF of LPS challenged rats.
Blockade of IL-17 inhibited LPS-induced ERK1/2 pathway activation.
Given the crucial role of IL-17 in the pulmonary inflammation, the authors next sought to investigate the underlying mechanisms of IL-17 involved in the development of ALI. The expression of ERK1/2, p-ERK1/2 in the lung tissues of rats suffering from LPS stimulation was investigated. As demonstrated in Fig. 5 , the LPS-treated group presented significant increases in the expression of the p-ERK1/2 protein when compared with the control group. Moreover, the upregulation of p-ERK1/2 protein was reversed by IL-17 mAb treatment. However, the expression of the ERK1/2 protein presented no significant difference between each group. These findings suggested that effects of IL-17 mAb on the features of LPS-induced lung inflammation primarily through inhibition of ERK1/2 pathway activity.
Blockade of IL-17 suppressed LPS-induced NF-κB pathway activation.
Since NF-κB is known to be a critical transcription factor for inflammation, the molecular mechanisms by which IL-17 mAb administration ameliorates LPS-induced lung inflammation we explored. This was conducted by measuring the levels of NF-κB p65 in the cytoplasm and nucleus. As presented in Fig. 6 , a basal level of NF-κB p65 was observed in the cytoplasm and nuclei of lung samples in the control group. The level of NF-κB p65 in nuclear extracts of lung samples was significantly increased following the instillation of LPS compared with control group, this increase was reduced by administration of IL-17 mAb. In contrast, cytosolic NF-κB p65 expression was decreased in the ALI group in comparison with control group, and IL-17 mAb treatment could reversed the decrease in NF-κB p65 protein. Additionally, western blot analyses revealed that the LPS-induced nuclear translocation of NF-κB p65 was restored by administration of IL-17 mAb.
Discussion
ALI and acute respiratory distress syndrome (ARDS) are the two most severe clinical diseases that account for extensive morbidity and mortality; this is due to lacking effective therapy strategies. However, looking at decades of extensive investigation, the early diagnostic pathogenetic factors, pathogenesis and specific treatment options of ALI remain undefined. Thus, searching and identifying novel therapeutic strategies with protective effect against ALI are an urgent requirement. ALI is primarily characterized by a severe acute inflammatory response in the lungs and neutrophilic alveolitis (4). Particularly, growing evidence suggests that IL-17 may induce the excessive expression and release of pro-inflammatory cytokines from various cells including Th17 cells, macrophages, and natural killer cells (22) . In addition, IL-17 has been reported to be necessary for LPS-induced airway neutrophilia (23) .
The present study aimed to evaluate the role of IL-17 in LPS-induced ALI, especially focusing on the associated with the ERK1/2 and NF-κB signaling pathway. LPS-induced lung injury in rats is frequently used as a model for studying ALI. Firstly, the authors demonstrated that the instillation of LPS induced pathological damage of lung tissues including alveolar distortion, neutrophil recruitment, interstitial edema and disruption of epithelial integrity. Following this, LPS treatment induction of pulmonary edema was observed, as evidenced by the changes in BALF exudate volume, protein leakage and lung W/D weight ratio. In addition, levels of pro-inflammatory cytokines in BALF, such as TNF-α, IL-1β and IL-6 were significantly increased in LPS-induced ALI. Furthermore, levels of IL-17 mRNA and protein were elevated in the BALF and lung tissues. Interestingly, treating a rat model of LPS-induced ALI with IL-17 neutralizing antibody markedly reduced these typical manifestations of lung injury including histologic changes, pulmonary edema and lung inflammation. These findings suggested an involvement of IL-17 in the pathophysiological process of LPS-induced lung injury in rats. Herein, the present study provided evidence demonstrating correlations between the increased in IL-17 levels and the severity of lung injury.
More importantly, the authors further explored whether IL-17-induced the expression of cytokines and chemokines are associated with the ERK1/2 and NF-κB signaling pathway in a rat model of ALI. NF-κB, a critical transcription factor is involved in the regulation of gene expression in numerous pro-inflammatory mediators (24, 25) . Furthermore, the activated NF-κB may, in turn, activate and control inflammatory responses and regulate gene expression of various enzymes involved in inflammation amplification and maintenance (26) . These results suggested that the activation of NF-κB signal was important in the early inflammatory response. In the present study, the blockade of IL-17 markedly suppressed nuclear translocation of NF-κB p65, further inhibiting the excessive release of inflammatory factors. Additionally, the elevated p-ERK1/2 in lung tissues of ALI rats was reversed by the IL-17 neutralizing antibody. It is reported that activation of the ERK1/2 signal could stabilize the mRNAs of the IL-17 downstream target genes (27, 28) . These findings demonstrated that IL-17 drives the ERK1/2 and NF-κB signaling pathway to trigger and stabilize the transcription of downstream target genes respectively, such as TNF-α, IL-1β and IL-6.
In summary, the authors identified the potential role of IL-17 in the development/maintenance of LPS-induced lung inflammation/injury. Elevated IL-17 expression closely correlated to development of ALI and inhibition of IL-17 using neutralizing antibody resulted in attenuating LPS-induced lung inflammation, which was consistent with previous studies. However, the anti-inflammatory mechanisms of the IL-17 neutralizing antibody was elucidated, which was associated with repressing activation of the ERK1/2 and NF-κB signaling pathway. These findings increased the understanding of how IL-17 affects lung inflammation in ALI, providing promising potential therapeutic targets for clinical ALI.
